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Abstract
We use Scanning Gate Microscopy to demon-
strate the presence of localized states arising
from potential inhomogeneities in a 50 nm-wide,
gate-defined conducting channel in encapsu-
lated bilayer graphene. When imaging the
channel conductance under the influence of a
local tip-induced potential, we observe ellipses
of enhanced conductance as a function of the
tip position. These ellipses allow us to infer
the location of the localized states and to study
their dependence on the displacement field. For
large displacement fields, we observe that local-
ized states tend to occur halfway into the chan-
nel. All our observations can be well explained
within the framework of stochastic Coulomb
blockade.
Introduction
Graphene is a promising material for semicon-
ducting quantum dot-based qubits due to its
small spin-orbit coupling and small hyperfine
interaction.1 For a long time, the fabrication
of high-quality graphene-based nanodevices was
hindered, e.g., by the presence of strong back-
ground potential modulations arising from the
inhomogeneities and surface roughness of the
silicon oxide substrates, as well as the ex-
istence of localized states at the etched de-
vice boundaries.2–5 Only recently, the conjunc-
tion of two key technological advancements has
enabled the reproducible fabrication of high-
quality graphene nanodevices. First, using en-
capsulation between hexagonal boron nitride
(hBN),6 edge-contacting7 and graphite back-
gates8 enabled the fabrication of single- and bi-
layer graphene devices with very high electronic
quality. Second, the use of bilayer graphene
with its electrostatically tunable bandgap pro-
vided the possibility to create gate-defined de-
vices.9 These devices require an average dis-
order potential smaller than the gate-induced
band-gap. If the latter condition is met, their
smooth edge potentials in comparison to the
previously etched devices minimizes the appear-
ance of localized edge states. This made it
possible to prepare high-quality quantum point
contacts8 as well as few-electron or -hole quan-
tum dots in bilayer-graphene channels.10 These
devices allow observing a plethora of intriguing
phenomena such as a tunable valley splitting
in quantum point contacts,11 excited states in
few-electron or few-hole quantum dots,12 and
charge detection.13 However, the variability in
the conductance properties of nominally iden-
tical devices fabricated in close proximity to
each other indicates that local inhomogeneity
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of the electrostatic potential and disorder may
still play an important role. To date, no experi-
ments exist that focus on the local and system-
atic study of inhomogeneities and the possible
formation of localized states in such devices.
In this paper we use Scanning Gate Mi-
croscopy (SGM) to demonstrate the forma-
tion of localized states in a gate-defined bilayer
graphene channel. Scanning the voltage-biased
metallic tip of an atomic force microscope over
the channel perturbs the potential landscape
locally. This allows us to probe the inhomo-
geneity of the system along the channel axis.
To make the effects of inhomogeneities more
pronounced, we investigate a channel which
is narrower (50 nm) than the typical channel-
widths used for quantum dot studies (100 nm).
If the conductance through the channel is al-
most completely suppressed in the absence of
the tip, we observe conductance resonances
associated with localized states. These reso-
nances lead to concentric rings or ellipses in the
two-dimensional conductance maps obtained in
SGM measurements. The center points of these
ellipses allow us to infer the position of the
localized states. By varying the displacement
field forming the channel, we furthermore gain
insights into the evolution of the localized states
as a function of the band-gap size and electron
concentration.
Sample-characterization
We perform measurements on the van-der
Waals stack depicted schematically in Fig. 1a.
It consists of a bilayer graphene (BLG) flake en-
capsulated between two hBN flakes of different
thicknesses t (ttop−hBN = 32 nm, tbottom−hBN =
40 nm) and deposited on top of a graphite back-
gate (BG). The fabrication of the device follows
the process outlined in Ref. 8 . Ohmic source
(S) and drain (D) contacts connect to the BLG-
sheet while lithographically defined split-gates
(SG, 300 nm long and 50 nm apart) allow us
to confine the current flow in the graphene to
a channel between the split-gates. Through-
out this work, the same voltage VSG is applied
to both split-gates, and the back gate bias is
given by the voltage VBG. A displacement field
D = [CBG(VBG − V 0BG) − CSG(VSG − V 0SG)]/20
is generated in the double-gated areas by ap-
plying a voltage difference between split- (SG)
and backgate (BG). Here, CSG and CBG are the
respective gate-graphene capacitances per unit
area of the split-gate (SG) and back gate (BG).
The charge neutrality point in the double-gated
area (cf red cross in Fig. 1b) occurs at the offset
voltages V 0SG = −0.744V and V 0BG = −0.13V.
As the gate voltages are tuned away from these
voltages, the thus generated displacement field
opens a bandgap in the bilayer graphene below
the split-gated region and in the channel. The
average of split- and backgate voltage weighted
by the gate capacitances furthermore allows us
to tune the Fermi level in the graphene sheet be-
low the split-gate into the band gap, rendering
it insulating. This results in a narrow channel
consisting of the remaining conductive region
between the gates.
All our measurements are performed at
T = 270mK in a 3He-cryostat. By applying
both an AC voltage VSD,AC = 50µVrms as well
as a variable DC voltage VSD,DC between the
source (S) and drain (D) contacts, we can per-
form both linear and nonlinear transport mea-
surements. To this end, we measure the dif-
ferential conductance G = ISD,AC/VSD,AC using
a home-built IV-converter and a low-frequency
lock-in. To explore the local properties of the
channel, we perform SGM-measurements. As
depicted in Fig. 1a, we thus position a voltage-
biased metallic tip at a height htip = 55 nm
above the top hBN surface in the area above
the channel. By raster-scanning the tip we
measure the differential conductance G as a
function of the tip position (x, y) or the tip
voltage Vtip.
To demonstrate the formation of the chan-
nel experimentally, we first characterize the
combined effect of the backgate voltage VBG
and split-gate voltage VSG on the conductance
through the device. Figure 1b depicts the linear
conductance G(VSG, VBG). The diagonal con-
ductance minimum depending on both VBG and
VSG corresponds to charge neutrality of the area
underneath the split-gates. Its depth depends
non-monotonic on the displacement field D, re-
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Figure 1: (a) Schematic of the measurement setup consisting of sample plus SGM-tip. The sample
consists of an encapsulated bilayer graphene (BLG) on a graphite backgate. Displacement fields
between split-gates and graphite backgate form a channel. The voltage biased AFM tip is scanned
55 nm (with respect to the top hBN-layer surface) above the channel while we measure the conduc-
tance G between source (S) and drain (D). (b) Two-terminal linear conductance G as a function
of split-gate voltage VSG and back-gate voltage VBG in absence of the tip. The diagonal line corre-
sponds to charge neutrality underneath the split-gates. The displacement field in the double-gated
areas increases along the dark-orange arrow with respect to D = 0V/nm denoted by the red cross.
(c) Conductance as a function of the displacement field D along the charge neutrality point (orange
dotted line in Fig. 1b). The inset depicts the schematic of a possible potential landscape along the
channel axis (cf dashed, white line in Fig. 1a). Ec (Ev) denotes the conduction (valence) band, EF
the Fermi-energy and CNP the charge neutrality point. (d) Coulomb diamonds.
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flecting the electrostatic landscape in the chan-
nel. The zero of the displacement field is the
point of maximum conductance along this line,
which is marked by the red cross in Fig. 1b. For
all gate-voltages along the conductance mini-
mum, the split-gated areas have zero total den-
sity and tend to be increasingly insulating for
increasing displacement fields due to the in-
creasing band-gap in the dual-gated regions.
Therefore the source-drain current is confined
to the channel at sufficiently large displacement
fields along this minimum.
In addition, we observe two horizontal, split-
gate independent conductance minima. The
small additional feature marked by the black
arrow in Fig. 1b indicates that the conductance
minimum at positive VBG most likely arises due
to the charge neutrality point of the bulk re-
gions around the channel. The minimum at
negative VBG belongs to the charge neutrality
point of additional devices connected in series
to that of interest here, which are not used in
the present work.
In contrast to previous measurements on sam-
ples with mostly larger channel widths,8,14 the
formation of the channel not only reduces the
conductance but suppresses it almost com-
pletely for the displacement fields marked by
the orange dotted line in Fig. 1b. Along this
line, the bulk regions of the charge carrier gas
outside the channel are n-type with a density
larger than 1× 1012 cm−2, while the double-
gated areas are at zero density with the Fermi
level in the middle of the band gap. In contrast
to the double-gated regions, the channel region
only couples to the split-gates via stray fields.
As the electrostatic coupling of the channel is
thus dominated by the back-gate, the electron
density in the channel increases with increasing
displacement field along the orange line of re-
duced conductance (cfD-arrow in Fig. 1b). The
experimental fact that the device reaches zero
conductance at positive displacement field val-
ues suggests that charge neutrality in the chan-
nel occurs at these positive displacement fields.
This is further corroborated by the asymmetric
suppression of the conductance along the diag-
onal line with respect to positive and negative
displacement fields D.
Measuring the conductance along the orange
dotted line in Fig. 1b with high resolution re-
veals the conductance resonances of different
spacing and height shown in Fig. 1c. To identify
the same peaks throughout the measurements
presented in this paper, we label them from one
to six. The observation of such strong conduc-
tance resonances suggests that localized states
exist inside the channel region, which transmit
resonantly once their energy coincides with the
Fermi level.
This interpretation is confirmed by the fi-
nite bias spectroscopy measurements in Fig. 1d,
which shows diamonds of suppressed conduc-
tance and irregular size. They represent the
fingerprints of one or more localized states in
the channel. The presence of low-energy ex-
cited state resonances outside the diamonds of
suppressed conductance supports the interpre-
tation in terms of Coulomb blockade. The di-
amond between resonances 1 and 2 has an ex-
tent of 6.3mV in VSD,DC-direction. Assuming
that the entire voltage drops across this single
quantum dot-like impurity leads to an energy
calibration factor for the displacement field axis
of 420meV/(V/nm). Figure 1d therefore spans
an energy range of about 34meV, which is the
same order of magnitude as typical energy gaps
expected at these displacement fields.15–17
The charging energy for increasing electron
numbers grows from 2meV to more than 6meV
with increasing displacement field. This find-
ing suggests that the channel tends to become
more insulating with increasing displacement
field, presumably due to the increasing energy
gap and the Fermi energy moving closer to the
center of the gap.
The schematic in the inset of Fig. 1c sum-
marizes the present understanding of the de-
vice along the white dashed line in Fig. 1a.
Here, Ev (Ec) denotes the energy of the valence
(conduction) band edge along the channel axis,
EF is the Fermi-energy and CNP the charge
neutrality point. Inhomogeneities of the back-
ground potential induce localized states in the
gap as indicated schematically by the horizon-
tal lines within the band gap. Depending on
their position with respect to the charge neu-
trality point, these localized states can have
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stronger valence band character (light-red lines
in the inset of Fig 1c) or stronger conduction
band character (light-blue lines in the inset of
Fig. 1c). Electrons occupying these states may
tunnel from the channel into the high-density
regions outside the channel. Localized states
half-way along the channel axis will typically
have the highest transmission in the case where
a single state dominates the conductance of the
whole channel.
In such a model, localized states would be dis-
tributed in an uncontrolled way both in posi-
tion and energy throughout the channel. The
model supports the idea of stochastic Coulomb
blockade,18 where one or more localized states
participate in transport through the channel,
depending on their positions and the mismatch
between their respective quantized energy lev-
els.
Tip-influence on the conduc-
tance resonances
To investigate the formation of the localized
states in the channel, we perform SGM mea-
surements, initially at a fixed lateral tip posi-
tion above the channel (cf yellow cross in Fig.
3a). We first measure the linear conductance
G as a function of tip-voltage Vtip and displace-
ment field D. The resulting data depicted in
Fig. 2a show that the conductance resonances
depend linearly on both tip voltage and dis-
placement field as expected from a capacitance
argument. The resonances labeled in Fig. 1c
can be identified using the strong correlation
of the peak positions along a vertical cut at
Vtip = −5V, which we call the least-invasive
tip voltage, with the data in Fig. 1c. The
resonances in Fig. 2a are labeled accordingly.
We attribute the offset of the least-invasive tip-
voltage from zero to the difference in the work-
functions between the PtIr-tip and the sample.
The negative slope of the resonances in Fig. 2a
together with the fact that increasing tip volt-
age will increase the number of electrons in the
channel confirms that increasing the displace-
ment field increases the electron number in the
channel. Moving along the orange dotted line
in Fig. 1b in positive D-direction, the split gate
exactly compensates the electron-accumulating
tendency of the back gate in dual-gated regions
of the device. In the channel, however, the ac-
tion of the split gate is reduced to stray-field
effects, and as a consequence, electron accumu-
lation by the back gate gains dominance.
The observation that all resonances in Fig. 2a
have essentially the same slope indicates that
the resonances originate either from one local-
ized state or from few spatially closely spaced
localized states. The increasing separation of
resonances for increasingly positive tip voltage
is in agreement with the same observation in
Fig. 1d.
Individual resonances would die out in Fig. 2a
with increasing D and decreasing Vtip, because
the increase in D also acts in reducing the tun-
nel coupling of the states to the leads, while Vtip
locally keeps the localized states resonant with
the Fermi level.
The influence of the tip at fixed position on
the energy of the localized states allows us to
measure Coulomb blockade diamonds as a func-
tion of tip-voltage and dc-source drain bias as
depicted in Fig. 2b. Similar to Fig. 1d we ob-
serve Coulomb blockade diamonds of different
sizes, which are consistent with a constant lever
arm and the increasing zero-bias peak spacing.
From these measurements we extract a tip lever
arm αtip = 0.0023. This rather small lever arm
is the result of the screening action of the split
gate.
In order to obtain spatial information about
the position of the localized states in the chan-
nel, we raster scan the SGM tip in the region
above the channel. For these measurements,
the channel is formed by the displacement field
D = 0.3V/nm and the tip voltage is given by
Vtip = −8V, which is repulsive for electrons.
The resulting measurement is shown in Fig. 3a.
We observe concentric rings centered roughly
around the location of the localized states.
The ring-shape of the resonances can be un-
derstood as follows: Due to the extended elec-
trostatic potential of the tip induced in the
channel, a change in the distances between the
voltage biased tip and the localized states has
a similar effect on the energy levels as a change
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Figure 2: Measurement at fixed lateral tip position above the channel. (a) two-terminal conductance
as a function of tip voltage Vtip and displacement field D along the charge neutrality point (cf orange
line in Fig.1b). (b) Coulomb diamonds measured as a function of tip voltage Vtip at the displacement
field denoted by the orange dashed line in Fig. 2a.
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Figure 3: (a) SGM measurement (Vtip = −8V, D = 0.3V/nm) above the channel depicting
concentric rings around the middle of the channel. The outline of the split-gates are denoted by
the orange dashed lines. The yellow cross marks the tip position at which the data in Fig. 2 is
obtained. (b) Logarithmic plot of the linear conductance G(Vtip,x) along the red dashed line in
Fig. 2a for a displacement field D = 0.27V/nm different from that in Fig. 3a. The white dashed
line denotes the approximate position of the split-gates.
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in the tip voltage. The absolute separation be-
tween the tip and the localized states therefore
allows us to tune their energy levels with re-
spect to the Fermi energy, and thereby to ob-
serve conductance resonances. The shape of a
specific resonant ring is dictated by the geom-
etry of the potential induced by the tip in the
graphene plane, which is itself determined by
the tip and gate geometries. The spherical ge-
ometry of the tip together with the extended
long edges of the split-gate leads to a nearly el-
liptic shape of individual resonant rings, with
the long axis of the ellipses along the channel
axis.
For rings at large lateral tip–localized state
separations the position of the localized states
cannot be determined with great accuracy.
However, bringing the tip closer to the center
of the channel we observe two rings centered
at slightly different positions close to the center
of the channel. This observation confirms that
resonant transport occurs through states local-
ized in the channel mid-way along the channel
axis.
To ascertain the peak-number belonging to
these ellipses, we extract the peak occurring
at D ≈ 0.3V/nm and Vtip = −8V in Fig. 2a
as peak number 5. As the measurement de-
picted in Fig. 2a was obtained at the tip po-
sition marked by the yellow cross in Fig. 3a,
the innermost ellipse close to this tip position
thus corresponds to peak 5. Due to the decrease
of the tip-potential influence for increasing tip-
localized state distances, this allows us to iden-
tify the remaining ellipses from the inner ellipse
outwards as labeled in Fig. 3a.
To get a better understanding of the influence
of the tip potential and the position of the lo-
calized states that dominate transport, we mea-
sure the conductance G (x, Vtip) along the chan-
nel axis (red dashed line in Fig. 3a). The gating
effect of the tip gives rise to the parabolic res-
onances observed in Fig. 3b. The curvature
of those parabolas changes from convex to con-
cave at the symmetry line Vtip ≈ −3V, which
we call the least-invasive tip voltage. It is off-
set from V LItip = −5V observed in Fig. 2a due to
small charge-rearrangements in the sample over
time. The change from convex to concave in the
resonance at Vtip = −3V occurs exactly at the
outer corners of the channel gates, outlined by
the white-dashed line. Following each parabola
individually, we observe that their extrema oc-
cur at different tip positions x along the dashed
red line. This is in good agreement with the
observation that the concentric rings in Fig. 3a
are centered at different positions in the cen-
ter of the channel. Resonances at tip voltages
below the least-invasive voltage V LItip = −3V
unambiguously show avoided crossings indicat-
ing mutual interactions between the respec-
tive localized states. This observation further
strengthens the notion of stochastic Coulomb
blockade.
In order to investigate the localized states
observed in Fig. 2a for specific stepwise de-
creased displacement fields, we perform two-
dimensional scans for Vtip = −9V. The re-
sults are depicted in Fig. 4. The leftmost
figure (Fig. 4a) depicts the measurement for
D = 0.3V/nm which shows three concentric
ellipses centered at approximately the same po-
sition close to the middle of the channel. Identi-
fying the peaks with the method used in Fig. 3a,
the inner ellipse corresponds to peak number 6.
This allows us to label the middle and outer ring
with peak number 5 respectively 4. The obser-
vation that ellipses are centered in one single
location could correspond to a single localized
state in the center of the channel.
Decreasing the displacement field to D =
0.28V/nm (Fig. 4b), we observe (at least) two
additional elliptical resonances. The smaller
ellipses close to the center of the channel are
centered at two different positions within the
channel, whereas the larger outer ellipses seem
to be centered at the same position within the
channel. A reliable identification of the peak
numbers in this configuration (D = 0.28V/nm,
Vtip = −9V) is hindered by the very dense
peak-spacing in this configuration in Fig. 2a.
However, similar to the SGM measurement in
Fig. 3a, the concentric rings are preferentially
centered at positions close to the middle of the
channel rather than in the outer channel re-
gions.
Decreasing the displacement field even fur-
ther, more and more concentric ellipses appear
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Figure 4: Evolution of the SGM measurements (Vtip = −9V) as a function of displacement field D
(upper white text-inset). The orange dashed lines denote the outline of the split-gates.
in the SGMmeasurements (cf Fig. 4c-e) . In ad-
dition to the ellipses centered in the middle of
the channel, we observe rings centered at addi-
tional positions close to the edges of the split-
gates for displacement fields D ≤ 0.27V/nm
(cf Fig. 4c-e). The first of those rings appears
at D = 0.27V/nm (Fig. 4c) and their number
increases for even smaller displacement fields
(D = 0.22V/nm in Fig. 4d and D = 0.18V/nm
in Fig. 4e). We interpret their appearance as
evidence that the conductance below the split
gates starts to increase at these displacement
fields. This increase appears to be spatially in-
homogeneous, dominated by individual local-
ized states.
Conclusion
We presented scanning gate measurements on
a gate-defined channel in high quality bilayer
graphene. The scanning gate images reveal the
occurrence of stochastic Coulomb blockade in
the conductance through the channel at vari-
ous displacement fields. We have shown that
the conjunction of the split-gates forming the
channel and the back gate is sufficient to ren-
der the 50 nm-wide channel insulating. Our
data suggests that the charge neutrality point of
the channel in our sample is located at positive
displacement fields. This suggests that trans-
port in the region below D = 0.34V/nm occurs
through states of a character dominated by the
valence band. In the situation of strongly sup-
pressed conductance, localized states are most
likely to be observed close to the middle of the
channel. If the displacement field becomes too
small, the dual-gated regions start to leak. This
leakage is again dominated by local inhomo-
geneity of the potential.
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